Abstract-Physical properties as mechanical and tribological evolution on 4140 steel surfaces coated with hafnium nitride/vanadium nitride [HfN/VN] n multinanolayered systems deposited in various bilayer peri ods via magnetron sputtering has been exhaustively studied in this work. The coatings have been charac terized in terms of structural, chemical, morphological, mechanical, and tribological properties by X ray diffraction, X ray photoelectron spectroscopy, atomic force microscopy, scanning and transmission elec tron microscopies, nanoindentation, pin on disc and scratch tests. Moreover, the failure mode mecha nisms were observed via scanning electron microscopy. The preferential growth in the face centered cubic (111) crystal structure for [HfN/VN] n multilayered coatings have been shown by X ray diffraction results. The best enhancement of the mechanical behavior has been obtained when the bilayer period was 15 nm (n = 80), yielding the highest hardness (37 GPa) and elastic modulus was (351 GPa). The values of the hardness and elastic modulus were 1.48 and 1.32 times higher than the coating with n = 1, respectively, as well as the lowest friction coefficient (~ 0.15) and the highest critical load (72 N). These results indicated significant enhancements in mechanical, tribological, and adhesion properties, compared to HfN/VN multilayered systems with bilayer period of 1200 nm (n = 1). The hardness and toughness enhancement in the multilayered coatings could be attributed to the different mechanisms that produce the layer formation with nanometric thickness due to the number of interfaces acting as obstacles for crack deflection and dis sipation of crack energy. Due to the emergent characteristics of the synthesized multinanolayered mate rial, the developed adaptive coating could be considered as higher ordered tool machining systems, capa ble of sustaining extreme operating conditions for industrial applications.
INTRODUCTION
Superior mechanical properties like extreme hardness and good wear resistance have been frequently reported [1] [2] [3] . Thus, during recent years transition metal nitride have developed crucial roles in applications where these properties are required. Control of the microstructural and surface morphological evolution of polycrystalline transition metal nitride films is essential for the performance and lifetime of coated tools. Many transition metal nitrides such as titanium nitride/vanadium nitride (TiN/VN), titanium nitride/niobi um nitride (TiN/NbN), and tungsten/tungsten nitride (W/WN) with excellent mechanical properties have been studied [4, 5] . The growth rate of such multilayered structures with nanometer scale dimensions has attracted much attention from the scientific and industrial community. These coatings, now called hetero structures, such as silicon nitride/titanium nitride (a Si 3 N 4 /nc TiN), or titanium aluminum nitride/silicon nitride (TiAlN/SiN x ) coatings, exhibit a relatively high hardness (~ 40 GPa) and offer potential advantages for dry milling, drilling, and turning [6, 7] . It has been reported that other bilayer combinations such as chro mium nitride/tungsten nitride (CrN/WN) or titanium nitride/niobium nitride (TiN/NbN), whose maximum hardness values do not exceed 30 GPa, are still interesting for mechanical applications. Moreover, new tribo logical and physicochemical properties like very low friction coefficient and anticorrosive properties are now widely studied [7] [8] [9] . However, very few reports persist in the literature about mechanical and tribological responses in nanostructured systems based on isostructural assembly from nitride coatings generated by tran sition metals. Therefore, the benefits of HfN/VN multilayer system were tested under extreme conditions of corrosion [10] , but have not yet been tested at extreme conditions of mechanical performance.
This work evaluated the influence of hafnium nitride/vanadium nitride (HfN/VN) multilayered coatings deposited onto silicon (100) and AISI 4140 steel substrates (most frequently used in the water industry) with different bilayer periods (Λ) and bilayer numbers (n) on their physical nature compared to uncoated and coated substrate with HfN, VN single layers. The results indicated that this class of coating could be effectively used for surface applications in industrial factories under processes with aggressive environments. For this pur pose, silicon and AISI 4140 steel substrates were coated with a set of HfN/VN multilayers with Λ between 1200 nm and 15 nm and n between 1 and 80, with a total thickness of 1.2 μm.
EXPERIMENTAL

Coating Deposition
Metal (Hf/V) nitride multinanolayered coatings were deposited onto silicon (100) and AISI 4140 steel sub strates by using a multi target rf magnetron sputtering system with an rf source (13.56 MHz) to apply a nega tive voltage bias on the substrate and two Hf and V 4 in. diameter targets with 99.9% purity. A 350 W magne tron power was applied to the hafnium target, while a power of 400 W was applied to the vanadium target. The deposition chamber was initially pumped down to less than 5 × 10 6 mbar by using a turbomolecular pump, and then a mixture of (80%) for Ar gas and (20%) for N 2 gas was introduced into the chamber. An rf negative bias voltage of -30 V was used; the substrate temperature was around 250°C and the substrate to target distance was 7 cm for both coatings. During the growth process, the chamber pressure was maintained at 2 × 10 3 mbar. For multilayered depositions, the hafnium and vanadium targets were covered periodically with a steel shut ter. Before deposition, the targets and substrates were sputter cleaned during a 20 min period. An exhaustive X ray diffraction (XRD) study was carried out by using a PAN analytical X'Pert PRO diffractometer with CuKα radiation (λ = 1.5406 Å) at Bragg Brentano configuration (θ/2θ) in high angle range. Bilayer periods in multilayers were measured by using low angle XRD θ/2θ scans and were compared to those obtained from micrographs of transmission electron microscopy (TEM). Microstructural analysis of the multilayers was mainly performed by TEM, using a Philips CM30 microscope operating at 300 kV. The ratio between the thicknesses of HfN and VN single layers was obtained by means of a (Dektak 3030) Profilometer. Morphologic characteristics of the coatings like grain size and roughness were obtained by using atomic force microscopy (AFM) under contact mode from Asylum Research MFP 3D ® and calculated by a Scanning Probe Image Processor (SPIP ® ). In this research, SPIP ® was used in the grain size analysis for a quantitative study of the grains and particles, and in the roughness analysis for an advanced measurement of the surface roughness. Surface characteristics were determined by scanning electron microscopy (SEM, Phenom FEI) with a mag nification range from 525× to 24.000× and a high sensibility detector (multi mode) for scattering electrons. To determine the chemical composition, an exhaustive X ray photoelectron spectroscopy (XPS) study was carried out for HfN/VN multilayered coatings. Thus, XPS was used to analyze the bonding of hafnium, vana dium, and nitrogen atoms by using ESCAPHI 5500 monochromatic AlKα radiation and a passing energy of 0.1 eV. As the surface sensitivity of this technique is so high, any contamination can produce deviations from the real chemical composition. Therefore, the XPS analysis is typically carried out under ultra high vacuum conditions with a sputter cleaning source to remove any undesired contaminants. Physical analyses as mechanical were performed by nanoindentations using an Ubi1 Hysitron device and a diamond Berkovich tip at variable loads. These results were evaluated using the Oliver Pharr method. Tribological characterization was performed by means of Microtest, MT 400 98 tribometer, using a 6 mm diameter 100Cr6 steel ball like pattern slide. The applied load was 0.5 N with a total running length of 1000 m. Adherence of the layers was studied by using a Scratch Test Microtest MTR2 system. The parameters were a 6 mm scratch length and a raising load of 0-90 N. In addition, a SEM was used to identify the different adherence.
RESULTS AND DISCUSSION
XRD Results
The HfN/VN multilayered coatings show a thickness approximately of 1.2 μm. The individual thicknesses varied in function to the bilayer number from n = 1 to n = 80, producing layers with thicknesses from 1200 nm to 15 nm, respectively. Figure 1 shows the high angle XRD patterns corresponding to the HfN/VN multilay ered coating. A clear evolution of the patterns is noted in this set of multilayers as bilayer period is increased. As can be seen in Fig. 1 , at large bilayer periods, there is a clear face centered cubic (fcc) lattice with (111) preferred orientation for HfN layer and fcc (200) preferred orientation for VN layers (isostructured multi layer). These preferential orientations agree with JCPDS 00 033 0592 (HfN) and JCPDS 00 035 0768 (VN) from ICCD cards. The texture of the HfN layer remains constant in the preferential orientation (111) from 1200 nm thick films to multilayers with 15 nm thickness. This behavior suggests the possibility of a quasi cube on cube epitaxial growth. In the thinnest bilayer pattern (Λ ≤ 15 nm), there are still some small contributions of HfN (311) and (222) reflections, but they disappear for a large range of bilayer periods till the thickest period multilayer (Λ ≤ 1200 nm), where a great HfN (111) and a small VN (200) peak appear. On the other hand, the shift of diffraction patterns towards high angles is in relation to the compressive residual stress characteristic for those multilayered systems. Therefore, it is observed that the HfN (111) peak position suffers deviation from the bulk value, indicating possible stress evolution of HfN/VN layers with the bilayer period (see Fig. 1b ). The quasi relaxed position observed for thinner bilayer periods was progressively shifted to the higher com pressive stress values as the bilayer period increased until the Λ = 1200 nm value. For thinner multilayered periods (n = 80, Λ = 15 nm), a continuous transition of HfN (111) peak position was observed, from multi layered films with bilayer periods of 120 nm to those with 15 nm bilayer period, presenting a stress relief due to the movement of this peak towards higher angles compared to other multilayers, but close to the bulk value (34.01°).
XPS Results
The XPS survey spectra for HfN and VN single layers that make up the HfN/VN multilayered coatings are shown in Fig. 2. For HfN material (Fig. 2a ) the peaks at 523.2, 397.6, 224.8, and 18.4 eV correspond to O1s, N1s, Hf4d 5 , and Hf4f binding energies, respectively. The change of binding energy compared to HfN verifies the formation of binary Hf-N compound. Therefore, calculating the peak area yields an atomic ratio of Hf : N = 1.1 : 0.9, similar to the stoichiometry of Hf 1.1 N 0.9 [11] . On the other hand, for VN material (Fig. 2b) , the peaks at 630. 4 
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No. 6 2014 energies, respectively. The change of binding energy compared to VN verifies the formation of binary V-N compounds. Therefore, calculating the peak area yields an atomic ratio of V : N = 1.1 : 0.9, similar to the stoi chiometry of V 1.2 N 0.8 [12] .
According to the XPS literature, regarding HfN and VN materials [11, 12] , when the peaks are fitted from experimental results, it is necessary first to adjust the N energy band because it is the element that provides greater reliability for XPS; then, taking this first adjustment as base, the other peaks related to the remaining elements are adjusted. The latter is indispensable due to the characteristic present in these kinds of insulating materials (coatings) with respect to the incident signal; thus, avoiding the uncertainties caused by charging and shifts of the Fermi energy. Thereby, the concentration measurements and identification of the specific bonding configurations for the HfN and VN layers are more reliable. So, the core electronic spectra carry information of the chemical composition and bonding characteristics of the HfN and VN films and generate an increase in the reliability of the results. structures. These HfN/VN multilayered coatings presented well defined and uniform periodicity because the bilayer period in multilayers was confirmed by the TEM analysis. All the multilayer stacks were resolved by TEM and confirmed quite precisely by the previously designed nominal values of bilayer thickness, as well as the total thickness. The TEM images show that VN layers are marginally thicker than those of HfN; they also confirmed that for each multilayer coating there is a different deviation of 0.3 layer thickness ratio. These mul tilayer modulations were observed when the periodicity on the HfN/VN multilayer coating remained constant for the smaller bilayer periods (from Λ = 1200 to 15 nm). Moreover, the TEM bright field micrograph in Fig. 3 shows a multilayer with Λ = 14 nm, typical of thick bilayer periods. It reveals a compact crystalline structure with wide columnar grains extended along the entire multilayer stack. The selected area electron diffraction (SAED) pattern of the whole multilayer indicated the (111) preferred orientation for an HfN layer and (200) preferred orientation for a VN layer, confirming the structural phenomenon observed by the XRD results. Also, the region shown in Fig. 3 permitted studying the structure of a single crystallite, which can be identified as a small dark zone propagating throughout the multilayer. The SAED pattern was taken form a region that overlapping several periods of multilayer structure showing an array of regularly distributed spots (see Fig. 3 ), confirming together with the XRD results the multilayer structure.
TEM Results
AFM Results
The AFM was used to quantitatively study the surface morphology of the samples in relation to decreased bilayer periods or increased bilayer numbers in HfN/VN multilayered coatings deposited onto silicon (100). Figure 4 shows the AFM images for multilayered coatings with statistical distribution of grain size that was analyzed by an area of 1 × 1 μm (AFM images for (a) n = 1, (b) n = 10, (c) n = 30, (d) n = 50, and (e) n = 80). The correlation between grain size, part (a), and roughness, part (b), with the bilayer number is shown in Figs. 5a and 5b, respectively.
In Table 1 the quantitative values were extracted from the AFM images by means of statistical analysis scan ning probe image processor (SPIP ® ). The HfN/VN multilayer coating has the same total thickness, around 1.2 μm. The roughness value was greater for a coating with n = 1 or high bilayer period Λ = 1200 nm, and lower for multilayered coatings with a higher bilayer number n = 80 or lower bilayer period Λ = 15 nm, indicating that coatings with n = 1 grow more disordered than do multilayered coatings with n = 80. It has been demon strated that the grains of the multilayered coatings are smaller than those of coatings with low bilayer period because the Ar + ions bombardment on the coatings stimulates a greater number of nucleation places, given the reduction of individual thicknesses for each layer when the bilayer period is reduced and bilayer numbers are increased. This implicates a decrease in the entire surface roughness [13] . The research took into account that the grain size is affected by changes in grain size of inner layers (HfN/VN) as a function of reduced bilayer period Λ or increased bilayer number n. Many authors have reported a correlation between AFM and XRD results [13] because AFM analysis delivers surface information (with lateral resolution), and XRD analysis collects information from the space around the normal vector on the surface (from a cross section). If this is taken into account, it is possible to consider that physical vapor deposition (PVD) coating columns can grow "vertically" from the substrate to the "top" and can change their cross section when bilayer thickness is mod ified; therefore, significant changes in the grain size and surface roughness are evident.
The error in values of grain size and roughness is ± 0.1 nm.
Mechanical Properties
Hardness and elastic modulus. It has been frequently reported that the thickness period for many multilay ered systems is between 5 and 20 nm, which is relevant for mechanical properties [14] ; however, in industrial applications, as mentioned in the introduction, it is necessary to obtain coatings with thicknesses above ∼1.0 μm. Therefore, the multilayer coatings deposited with bilayer period under 20 nm for a total thickness around ∼1.2 μm imply a complex and extended number of multilayers. Consequently, this study carried out a minimum bilayer period of 15 nm. The typical load-displacement indentation curves of multilayer coatings was conducted by using the standard Berkovich indenter and indentation matrix image by AFM, as shown in Table 1 . Surface measurements obtained via AFM and SPIP ® analysis for HfN/VN multilayers with a total thickness of 1.2 μm and bilayer period from Λ = 1200 to 15 nm with correlation between bilayer number, grain size, and roughness
Bilayer number
Grain size, nm Roughness, nm n = 1 78 3.9 n = 10 58 2.5 n = 30 70 1.9 n = 50 56 Figs. 5a and 5b. The values of elasticity modulus (E) and hardness (H) were obtained by using the Oliver Pharr method [15] . The experimental results associated with the mechanical properties correspond to the mixed hardness of the coated systems as a function of the relative indentation depth. As mentioned before, to com pare the hardness response of the coatings, the work of indentation models described by Korsunsky et al. [16] was used to analyze the nanoindentation data. This model uses the following equation (Eq. 1) to describe the composite hardness, which is based on the total work done by the indentation load to produce an indentation of depth (h):
.
In this model H c is the apparent composite hardness, H f is the intrinsic film hardness, H s is the substrate hardness, k is a dimensionless parameter related to the composite response mode to indentation and β = h/t, which denotes the relative indentation depth with respect to the coating thickness, where h is the maximum indentation depth and t is the coating thickness. The fitting results by applying the work of the indentation model to the experimental data of the HfN/VN multilayer coatings are shown in Fig. 6 . The reduced elastic modulus here was determined from nanoindentation measurements, considering the values related to 10% of the thickness of the coatings.
Normalized relative indentation depth β = h/t against hardness measured for the HfN/VN multilayered coatings, prepared with different bilayer periods is shown in Fig. 6 . All the curves presented in Fig. 6 show a decrease in the composite hardness when increasing the penetration depth, which is not surprising because the hardness of AISI 4140 steel in all cases is lower (~5 GPa) than the coated substrates. The hardness value of the HfN/VN sample with n = 80 is clearly higher than that of HfN/VN multilayered coatings with n at 1, 10, 30, and 50. The greatest hardness of the multilayer set, 37 GPa, was obtained for the thinnest bilayer period Λ = 15 nm. Therefore, it was 48 and 43% greater than the values for the HfN and VN single layer coatings, respectively. This effect is probable and attributed to many interfaces that blocking dislocations at the inter faces between HfN and VN layers due to the differences in the shear module of the individual layer materials, as well as by coherency strains causing periodical strain-stress fields for lattice mismatched multilayered coatings [17] . According to Ipaz et al. [18] , another condition to enhance the hardness of multilayered coat ings with respect to the single layer coating can be associated with the discrete nature of the multilayers and the increased number of interfaces, which is also shown in this study by TEM analyses (see Fig. 3 ). The enhancement of mechanical properties for HfN/VN multilayers results from the increment of hardness valu es, as shown in multilayer type coatings for diverse material systems (e.g., TiN/VN, TiCN/TiNbCN, and TiC/TiB 2 ) [7, 13, 19] . Table 2 as functions of bilayer period Λ and bilayer number n. The E values of the multi layered coatings are also presented in Fig. 6 , showing the relevant differences in their values. The H and E in these multilayered coatings varied from 25 to 37 GPa and from 265 to 352 GPa, respectively. The highest hard ness of the multilayer set, 37 GPa, was obtained by the thinnest bilayer period Λ = 15 nm and it was 76 and 94% greater than the expected reference value from the rule of mixtures applied to VN and HfN single layer films, respectively. This increase in the mechanical properties is related to the remarkable heterostructure effects when a perfect assembly occurs for HfN and VN coatings deposited over an industrial AISI 4140 steel substrate. The mechanical properties enhancement can be associated with the improved hardness by using HfN/VN nanometric multilayered materials. Many authors have used the Hall Petch effect to explain the material hardening [2, 13, 20] . Therefore, it is possible to apply the Hall Petch effect when the ceramic mate rials, as hard multilayered coatings with Λ > 5.2 nm, are obtained. Since the multilayered coatings with lower Λ are within the nanoscale regime, the dislocations should not occur in nanoscale structures below certain grain size values [21] .
The hardness value for the HfN/VN coatings is in relation to the reduction of the modulation period (Fig. 3a) . Therefore, from the nanoindentation results (Fig. 6) , it is possible to observe that indentation test exhibits low deformation size, as the mechanical properties enhance as a function of bilayer number. It is argued that there are some correlations between the hardness of the multilayered coatings and the modulation period [13] . Hence, the hardness enhancement of HfN/VN coatings is related to the evidence of a stress reliev ing according to the distance decrease of interfaces, as shown in the XRD (see Fig. 1 ) and TEM results (see Fig. 3 ). Moreover, this mechanical effect was attributed to many interfaces blocking the dislocation movement across the interfaces between the HfN layer and the VN layer due to the differences in the shear moduli of the individual layer materials, and to the coherency strain, causing periodical strain-stress fields (-σ HfN + σ VN ) in the case of lattice mismatched multilayered coatings. Each interface also functions as a grain boundary in a Hall Petch [2, 20, 21] related mechanism like that of the dislocation pile up that offers a strong interaction again with interfaces in general. Therefore, each interface serves as a crack tip deflector, which improves the mechanical properties of coating [22] . According to Kim et al. [23] , another condition to enhance the hard ness of multilayered coatings, with respect to the single layer coating, is that a layer in the multilayered system has to be discrete, which was found in this study via TEM analyses (see Fig. 2 ). Also, the enhancement of mechanical properties for an HfN/VN multilayer is related to the increased hardness, as shown in many multi layered type coating systems (e.g., TiN/VN, TiCN/TiNbCN, and TiC/TiB 2 ) [7, 13, 20] . Yashar et al. [2] 
where H m is the multilayer hardness, H f1+f2 is the hardness from layer 1 and layer 2, k IM is a constant measur ing the relative hardening contribution of the interface between layer 1 and layer 2, and D t is the bilayer period Λ. The model predicts the overall behavior of the hardness on Λ, observed in most multilayered systems. Pre vious work has shown that a maximum hardness would be expected when the individual components of the multilayer have a relative equal thickness, as presented in this work [24] .
The error in values of hardness and elastic modulus is ± 2 GPa.
Furthermore, it is observed that the elasticity behavior depends on n or Λ, and the highest bilayer number corresponds to the highest E. Therefore, it is concluded that the elasticity and elastic recovery (R, %) of the multilayered coatings enhance by increasing the interface number. Thereby, from the nanoindentation mea surement, the typical values of E and H were obtained by using the Oliver Pharr method [15] . The R for all HfN/VN multilayered coatings was calculated by the following equation: ,
where δ max is the maximum displacement and δ p is the residual or plastic displacement. The equation data were taken from the load penetration depth curves of indentations for each coating, according to Fig. 5 . Table 3 shows an increase in the elastic recovery as a function of bilayer number when δ max and δ p values from load and displacement results (see Fig. 5 ) are introduced in Eq. (3). Thus, it is possible to observe an interface effect on the multilayered systems, because by increasing the bilayer number n the interface number is increased. Therefore, this can generate an effective hardening characteristic on the multilayered hard coat ings, evidenced by an improved elastic recovery. Also, according to Kim et al. [23] , a relationship exists between E and H, known as the plastic deformation resistance (H 3 /E 2 ); this relation was calculated for all the multilayered coatings as a function of bilayer number or bilayer period. Table 3 shows a considerable increase in the resistance to plastic deformation H 3 /E 2 as a function of increased bilayer number n, which is due to the relation between the increase of interface number and increase of the hardness and the elasticity modulus for all of the multilayered coatings. So, the enhancement in plastic deformation resistance occurs when multilayer period Λ decreases, with total thickness constant increasing thus the interface number for coatings. Therefore, the last effect can produce the crystallite refinement, point defect formations, and increasing the interface number; this improves the hardness values of HfN/VN multilayered coatings.
As shown in Table 3 , the HfN/VN nanometric multilayered coatings increased the plastic deformation resistance and elastic recovery with respect to coatings deposited with lower bilayer numbers. The maximum value was reached for n = 80 and Λ= 15 nm, i.e., plastic deformation due to the applied load is more markedly reduced than that of other multilayered systems with fewer bilayer numbers. This effect clearly correlates to increasing coating density, hardness, and elastic recovery [15] . In general, the bilayer number n or bilayer period Λ has some effects on the multilayer shown to exhibit very high hardness in nitride multilayered coat ings. 
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Tribological Properties
Pin on disk analysis. The friction coefficient values for AISI 4140 steel substrates coated with different multilayered systems (Λ = 1200 mm, n = 1; Λ = 120 nm, n = 10; Λ = 150 nm, n = 30; Λ = 40 nm, n = 50; Λ = 24 nm, n = 50; and Λ = 15 nm, n = 80) were tested against steel balls and presented in Fig. 7a . These curves showed two distinct stages. In the first stage, the friction coefficient (μ) began at a low level (0.15-0.25) in the first contact; this stage can be attributed to the running in period associated with a kind of contact between the steel ball and the coating, where the formation of wear debris occurs by the cracking of roughness tips on both counterparts. This stage has a short time period, and then the friction coefficient increases to 0.4-0.5 followed by a decrease to the friction coefficient of the second stage. This stage is defined as the steady state friction period and begins after about 30-80 m of sliding distance (m) [19] . Figure 7b shows the friction coefficient as a function of bilayer numbers. The tribological properties of the homogeneous HfN and VN sin gle layer coatings were provided in Fig. 7 for comparison in relation to multilayered systems. These tribolo gical results showed the reduction of the friction coefficient, while the bilayer number increased and the bilayer period decreased. The friction coefficient of HfN/VN multilayer coatings ranged from approximately 0.33 to 0.15, being the lowest value reported for the multilayer growth with Λ = 15 nm, and n = 80. The friction coef ficient value represented a decrease at approximately 75 and 65% of the friction coefficient with respect to the HfN and VN single layers, respectively. The last behavior can be related to the friction mechanical model pro posed by Archard [25] , which relates the contribution of the contact surface roughness and the elastic plastic properties of the coating in the following equation: ,
where μ is the friction coefficient, C k is a constant that depends on the parameter of the test, R(s, a) is the coat ing roughness, and σt is a variable that takes into account the elastic plastic properties (H or E), obtained by mechanical measures [25] . In agreement with the model presented by Archard, when the surface coating has low roughness and high hardness, the friction coefficient will tend to decrease and will be stable for long sliding distances, specifically if the counterpart of the test is softer than the coating. On the other hand, although hardness has long been regarded as a primary material property that defines wear resistance, strong evidences suggest that the elastic modulus can also have an important influence on the wear behavior. In particular, the elastic strain to failure, related to the ratio of H and E, which has been shown by a number of authors to be a more suitable parameter to predict wear resistance than the hardness alone. Until now, scientific researches have been mainly aimed at achieving ultrahigh hardness associated with high elastic modulus, the latter of which, conventional fracture mechanics theory would suggest, is also desirable for wear improvement (by pre venting crack propagation). This study discusses the concept of multilayered coatings with relatively high hardness and high elastic modulus, which can exhibit improved toughness and are, therefore, better suited to optimize the wear resistance of "real" industrial substrate materials (i.e., steels and light alloys with low mo duli). Recent advances in the development of ceramic ceramic (HfN/VN) multilayer coatings are summa rized and discussed in terms of their relevance to practical applications. This paper observed that the elastic strain to failure (which is related to H 3 /E 2 , Table 3 ) affects the tribological behavior of HfN/VN multilayered coatings that, although not necessarily exhibiting extreme hardness, provide superior wear resistance when deposited on the substrate materials for industrial applications [26] . Therefore, this behavior suggests that improving plastic deformation resistance when the bilayer number is increased, exerts more wear resistance 
No. 6 2014 due to enhanced mechanical properties (see Table 3 ) associated with the perfect modulation assembly (previ ously observed in XRD and TEM), thus, generating a reduction in the friction coefficient (see Fig. 7 ). As can be seen in Fig. 7b (SEM micrographs), it is possible to find different wear mechanisms, such as abrasion, adhesion, oxidation, and diffusion. In this sense, the abrasion mechanism is a predominant phenomenon at multilayers with low bilayer number (low mechanical properties). The values for multilayer period, at which the maximum wear values occur, will depend on different factors like the combination of high roughness, small grain size, and low elastic modulus, among others.
Adhesion behavior. The scratch test was used to characterize the coating adherence strength. The adhesion properties of single layer coatings and multilayered coatings can be characterized by the following two terms: L c1 , the lower critical load, which is defined as the load where cracks first occurred (cohesive failure), and L c2 , the upper critical load, which is the load where the first delaminating at the edge of the scratch track occurred (adhesive failure) [25] . The values of critical load (L c1 and L c2 ) for the different coatings are shown in Fig. 8 . The L c1 was shown for the different coatings in the range of 27-58 N, in which the lowest value was attributed to the multilayered coating deposited with n = 1 and the highest value was attributed to the HfN/VN multi layered coating growth with Λ = 15 nm and n = 80. The critical loads in L c2 values for the different coatings are summarized in Table 4 . The Fig. 8 clearly shows that the adhesion properties of HfN/VN multilayered coatings increase as a function of decrease in bilayer period. Due to the quantitative adhesion measurements between the layers and substrates, this process is complex even for single layer coatings, which is in agreement with some previously published reports [19] . A qualitative characterization is necessary to evaluate the adhesion behavior of all multilayered systems, as described before in this section, i.e., in terms of L c1 and L c2 critical loads. Therefore, for the purpose of ensur ing a fair comparison between the different coating systems, it was assumed that the adhesion between the sub strate and the first layer of the multilayered system remains constant (since the preparation conditions and parameters were the same). Besides, in all cases, it was verified that the parameters of the scratch test for all samples were also the same. According to the latter, it was expected that the response to the applied load will only depend on the coating properties because of the effect of each layer and the interfaces that make up the entire multilayered system.
The error in values of critical loads is ± 1 N. From Table 4 , it was observed that the values of critical load increased when bilayer period Λ was increased and bilayer number n was increased. This improvement is in part due to the increase in the coating/substrate deformation resistance. In this mechanism, each interface serves as a crack tip deflector that changes the direction of the initial crack when it penetrates deep into the coating, and strengthens the coating perfor mance. Moreover, by decreasing the bilayer period, the dislocations among the layers found a major impedi ment to moving; therefore, those will require higher critical shear stress to move and spread throughout the coating and allow a delaminating of the coating. This means that multilayered coatings fail in a laminar man ner [14] due to the multilayered assembly, as found in the TEM analysis (Fig. 3) . In consequence, multilayered and multiple structures like those studied in this research can enhance the resistance of coatings against crack propagation in relation to the mechanical property evolution presented by the enhanced hardness and elastic modulus (Table 2 ) with highest elastic recovery (see Table 4 ), preserving the integrity of the coatings under punctual and dynamic loads [27] . In this work, it was observed that an increase of 27% in the L c2 for HfN/VN multilayered systems with Λ = 15 nm and n = 80 is in relation to the multilayers with lowest bilayer number (n = 1).
Surface Tribological Results
Scanning electron microscopies images showing the different behaviors of the multilayered coatings after scratch tests are shown in Figs. 9a and 9b . These images, revealed that at the beginning of the scratch pro nounced deformation appeared due to the substrate plastic deformation and a coating debris removal, associ ated with the adhesive layer/substrate failure mechanism sideward lateral flanking [28] ; thus, the SEM images confirm the scratch test results observed in Fig. 9 . Figure 9a shows a premature adhesion failure due to the accumulation of stress at the scratch edges to the multilayered system deposited with n = 1 (Λ = 1200 nm). Performing a detailed analysis of failure mechanisms 
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for the [HfN/VN] 80 multilayer Λ = 15 nm at the beginning of the scratch mark, there was a pronounced irreg ularity due to the plastic deformation of the metal substrates (Fig. 9e) . Later (furthest from scratch), confor mal cracking of the layer associated with adhesive failure appears. As other multilayered systems (n = 1, 10, 30 and 50), the systems with 80 bilayers coatings also presented "Recovery Spallation" type wear mechanisms (Fig. 9e) . These series of multilayers showed a failure behavior type "Buckling Cracks" that is characteristic of protective systems where the substrate is ductile and hard coating have good adhesion between them, these systems generate compressive efforts that are characteristic of cracks buckling failure mode [26] . 4 . CONCLUSIONS Multilayered structure has been identified as an isostructural multilayer of HfN and VN phases. The pref erential orientation (111) for fcc lattice of HfN and (200) for fcc lattice of VN single layers has been shown in the XRD patterns. From the XPS results, it has been possible to identify the chemical composition in both single layer coatings.
The TEM analysis confirmed well defined multilayered structures and showed slight variations in layer thickness ratio. The morphology and surface quality have been determined for all coating systems, establishing homogeneous surfaces for all of them. The grains of the multilayers were smaller than those of the individual HfN and VN coatings. This fact has been attributed to the ion bombardment of the coatings, which stimulated a greater number of nucleation sites that together with grain size reduction by decreased bilayer period led to the decrease of the entire surface roughness.
It has been found that the highest values of hardness and elastic modulus, 37 GPa and 351 GPa, respec tively, were observed for multilayered systems with Λ = 15 nm and n = 80. The enhancement in the hardness value of the HfN/VN stack has been attributed to many interfaces blocking the micro crack movements across the interfaces between the HfN layer and VN layer due to the differences in the shear module of the individual layer material, and to the coherency strain causing periodical strain-stress fields; together with the Hall Petch models, which gives a good overall picture of the hardness enhancements.
High tribological performance with critical loads in adhesive failure of 72 N and friction coefficient of 0.18 have been observed for the multilayered systems with Λ = 15 nm and n = 80. From the SEM micrographs, it has been determined that for the multilayered coatings different types of adhesive layer/substrate failures appear under strong plastic deformation conditions, which is important for the preparation of wear resistant cutting and forming tools and mechanic devices used in industrial applications.
